On 27 March and 2 June 2013, two large earthquakes with magnitudes of M L 6.2 and M L 6.5, named the Nantou earthquake series, struck central Taiwan. These two events were located at depths of 15-20 km, which implied that the mid-crust of central Taiwan is an active seismogenic area even though the subsurface structures have not been well established. To determine the origins of the Nantou earthquake series, we investigated both the rupture processes and seismic wave propagations by employing inverse and forward numerical simulation techniques. Source inversion results indicated that one event ruptured from middle to shallow crust in the northwest direction, while the other ruptured towards the southwest. Simulations of 3-D wave propagation showed that the rupture characteristics of the two events result in distinct directivity effects with different amplified shaking patterns. From the results of numerical earthquake modeling, we deduced that the occurrence of the Nantou earthquake series may be related to stress release from the easternmost edge of a preexistent strong basement in central Taiwan.
Introduction
On the 27th of March 2013, a moderate-large earthquake (M L 6.2) struck Nantou County in central Taiwan. About 2 months later, on the 2nd of June, a larger earthquake (M L 6.5) again occurred at almost the same location. These two events were named the Nantou earthquake series in 2013 (also called the 0327 and 0602 events). Strong ground shakings were observed at Nantou County with a seismic intensity of 6 (250-400 gal), and many areas, including the densely-populated Taichung metropolitan, experienced a seismic intensity larger than 5 (80-250 gal). This earthquake series caused the collapse of three buildings, deaths of six people, and several injuries.
As shown in Fig. 1 , the 2013 Nantou earthquake series occurred in a seismically active area, where several moderate to large earthquakes were recorded in the last century (also see Table 1 ). Between August 1916 and January 1917, three historical earthquakes (called the Nantou earthquake series in [1916] [1917] occurred in this area with local magnitudes between M L 6.2 and M L 6.8. The location of a M L 6.7 aftershock of the 1999 Chi-Chi earthquake in June 2000 (Kao and Chen, 2000; Chen et al., 2002; Chi and Dreger, 2004) was also in the vicinity of the 2013 Nantou earthquake series.
Both centroid moment tensors (CMT) of the two earthquakes provided by the Central Weather Bureau (CWB) show thrust faulting mechanisms with two north-south striking nodal planes, with one dipping toward the east with a shallower dipping angle, and the other dipping toward the west with a steeper fault plane ( Fig. 1 ; also see Table 1 ). Several felt aftershocks had been recorded after the two events. The epicenters of the two aftershock sequences form two different alignment trends, one in the northwest-southeast direction and the other in the northeast-southwest direction. On the map (Fig. 1A) , the patterns of aftershock distributions appear to be complementary in space even though the distance between the two mainshocks is less than 10 km. A cross section along c-c' is shown in Fig. 1B . These two events were located at depths of 15-20 km, which implied that the mid-crust of central Taiwan is an active seismogenic area even though there is no evidence show a subsurface structure directly related to any faults at surface.
A study of fault slip distributions of the Nantou earthquake series based on geodetic data proposed by Chuang et al. (2013) indicates that models with east-dipping fault planes can be most likely compatible with the observations. The slips were concentrated at depths between 9 and 16 km, with primarily reverse, updip slip. Their results provide static slip patterns of the two events. In this study, we investigated the numerical earthquake models of the Nantou earthquake series, including their detailed rupture time history and the generation of strong ground motions. Joint source inversions by using teleseismic, near-field strong motion, and GPS coseismic data were first carried out. Unlike geodetic inversion, which can only provide the total slip pattern, the three data sets used in this joint inversion can constrain both the details of the rupture process (by waveform data) and the total slip pattern (by geodetic data). Then, using the source inversion results as the input rupture models, 3-D wave propagation simulations were performed for the Taiwan region. Using precise numerical earthquake models, the nucleation of this earthquake series, propagation of strong ground shaking, and mechanism of the seismogenic area in central Taiwan are discussed. The results of this study could also be applied to the worldwide areas where have similar case of basement boundary earthquakes as well as hazard assessment, such as the 1909 Lambasc (Provence, France) earthquake (Chardon and Bellier, 2003) , the Kitayuri thrust system in northeast Honshu, Japan (Awata and Kakimi, 1985) , and southern California (Shaw et al., 2015) .
Source rupture models

Data
To understand the mechanisms of the Nantou earthquake serious, we investigated the rupture processes of these two events based on joint source inversion. Three data sets were used in the inversion, including teleseismic body wave, near field GPS coseismic displacement and ground motion data. The teleseismic data have good data quality and azimuthal coverage to the earthquake which provide a first-order determination of fault rupture behavior. The near-field GPS coseismic deformation data provide a good constraint on the total spatial slip pattern. In addition, the two events are well recorded by dense regional seismic networks, which can provide further constraints on the temporal rupture processes.
Eighteen and sixteen teleseismic stations were used for the 0327 and 0602 event, respectively. The stations provided good azimuthal coverage and were located between 30°and 90°to avoid the complex earth structure (distributions of the stations can be found in supplementary Figs. S1.1 and S2.1). These data were digital recordings obtained from IRIS (the Incorporated Research Institutions for Seismology). Signals were deconvolved from the instrument response, re-sampled to 10 points per second and a band-pass filter (0.01-0.5 Hz) was applied. We used a time window of 25-30 s after the P arrival time with an addition of 10 s before the P arrival. The GPS coseismic displacements used in this study were compiled by TEC GPS Lab (http://gps.earth.sinica.edu. tw). There were 316 sites of three-component GPS coseismic displacements. We selected displacements with standard deviation less than 10 mm in all three components to be used in the inversion. Near field seismic records were from Broadband Array in Taiwan for Seismology (BATS) and CWB real-time strong motion data (RTD). These two data sets provided a good azimuthal coverage around the source area. We considered velocity seismic records in the inversion, all the strong motion data were integrated from acceleration to velocity, and then band-pass filtered between 0.05 Hz and 0.2 Hz. In total, 32 records were selected for the 0327 event and 40 records were considered for the 0602 event.
We used a waveform time-window of 35-50 s that starts from the event original time with a sampling rate of 0.1 s.
Method
The finite fault source inversion problem is usually formulated in a linear form, Ax = b where A is the matrix of Green's functions, b is the observed data vector and x is the solution vector of slip characteristics on each subfault, including amplitude, direction and rupture time (Hartzell and Heaton, 1983) . We applied the multiple-time windows technique in the inversion procedure that provides a more detailed slip spatial and temporal resolution. The program performance was improved by using a parallel Non-Negative Least-Squares (NNLS) inversion technique (Lee et al., 2006) . A misfit function, defined as (AxÀb) 2 /b 2 , was used to evaluate the quality of a solution.
In matrix A, the teleseismic Green's functions were calculated by using the approach developed by Kikuchi and Kanamori (1982) , where the near source structure was given by using a 1-D Taiwan average crust model (Chen and Shin, 1998) while the receiver side structure used a global 1-D IASPEI91 model (Kennett and Engdahl, 1991) . The teleseismic synthetic waveforms were filtered between 0.01 and 0.5 Hz. For the geodetic Green's functions, we used the analytic expressions of Okada (1992) to calculate the horizontal and vertical static displacements where surface deformation results from a uniform slip over each subfault. The 3-D synthetic Green's functions for near field ground motion station was generated by the spectral-element method (SEM, Komatitsch and Tromp, 1999; Komatitsch et al., 2004) , with a tomography velocity model taken from Huang et al. (2014) . The seismic synthetic waveforms were filtered between 0.05 and 0.2 Hz in the same frequency range as for observed data.
In the inversion, we used 28 time windows of 0.2 s length, each window overlapping 0.1 s, leading to each subfault the possibility to slip within 2.9 s after the rupture starts. A maximum rupture velocity, Vr = 3.0 km/s, was assumed to approximate the full time-space inversion (Lee et al., 2006) . Two north-south striking, eastern dipping fault planes characterized by thrust movement (strike 355°, dip 25°and rake 75°for 0327 event; strike 2°, dip 29°and rake 83°for 0602 event) taken from the CWB earthquake report were considered. The fault planes were divided into 3 Â 3 km 2 subfaults for finite-fault approach. The slip on each subfault was divided into rake ±45°in the inversion. Thus, the variation of rake angle on each subfault can be determined by the combination of these two slip components.
Inversion results
Slip distributions determined from the joint source inversion for the two events are shown in Figs. 2 and 3. Detailed descriptions of data fittings are provided in the supplementary material. The rupture of the 0327 event mainly occurred in an area that had an oblong shape in which one asperity was identified (Fig. 2) . The initial rupture developed in a deeper part at about a depth of 20 km close to the hypocenter, and the asperity was located at about a depth of 15-18 km. Slips in the rupture area were predominately thrust movement. Average slip on the fault plane determined from the joint inversion was about 25.9 cm and the maximum slip was 48.7 cm as observed on the asperity. From the map view of the fault projected to the ground surface, both slip and aftershock distributions show a northwest-southeast linear trend. The rupture snapshot shows that the rupture initiated at the hypocenter in the middle crust of about 20 km, then propagated to the shallow crust ($14 km) in the northwest direction. The source time function of the entire rupture was approximately a triangular shape with a duration of about 6 s. The total seismic moment was 0.169 Â 10 19 Nm, which is equivalent to an earthquake of M w 6.08.
The slip distribution of the 0602 event shows a more complex pattern and the rupture region covers a larger area compared to those of the 0327 event. Most of the slip occurred in the left portion of the fault plane (in the southwestern portion of the fault plane from map view, see Fig. 3 ). An asperity with a maximum slip of about 106.7 cm was observed south of the hypocenter. The rupture initiated from the hypocenter, then ruptured to the south and formed a large asperity after about 5 s. The rupture then extended to the shallower fault plane until the entire process was completed. The source time function of the 0602 event was also close to a triangular shape with a longer duration of about 10 s. The total seismic moment was 0.293 Â 10 19 Nm, which is equivalent to an earthquake of M w 6.25. Assuming a circular fault model, the estimated stress drops Dr of the 0327 and 0602 events were 2.16 MPa and 2.95 MPa, respectively.
3-D wave propagation models
To further understand the details of ground motion characteristics of these two events, we performed forward simulations with the source models derived from the previous inversion results. The simulations were based on the spectral-element method (SEM). The SEM mesh model employed incorporates surface topography, basin geometry, and 3-D wave-speed heterogeneity . The surface topography based on 40 m digital elevation model data is implemented at the top of the SEM mesh model (Lee et al., 2009) . The 3-D basin geometry and the related wave-speed model are derived from Wang et al. (2004) . We embed the basin model in a regional tomographic model derived by Huang et al. (2014) . Considering the resolutions of the numerical mesh and the velocity models used, the simulation is capable of representing 3-D wavefield and synthetic waveforms accurate up to 1 Hz.
The ShakeMaps for the norm of peak acceleration of the two events are displayed in Figs. 4 and 5. The ground shaking in the western side of the source area was much stronger than in the eastern side in both events. This could partly be attributed to the radiation pattern corresponding to a thrust movement on an eastern dipping fault plane. In addition, the ruptures of the two earthquakes have remarkable rupture directions -they both ruptured to the west from the middle to the shallow crust in the derived source models. Consequently, strong directivity effects were observed which lead to elongated patterns in their shaking maps. For the 0327 event, the region with strong shaking covered the source area and extended to its northwestern side (Fig. 4) . Meanwhile, for the 0602 event, strong shakings could be observed not only in the source area but also extended to a large area southwest of the epicenter (Fig. 5) . These simulation results are consistent with the norm of the observed peak ground acceleration (PGA) values (low-pass filtered by 1 Hz) recorded by the CWB RTD as shown by the different colored triangles in Figs. 4 and 5 . In addition, the characteristics of synthetic PGA patterns of the two events are also compatible with the PGA distributions derived from the free-field strong-motion records (Wen et al., 2014) and the Palert system .
Comparisons between the RTD velocity data and forward synthetic waveforms calculated from the inverted source model are provided in Figs. 4 and 5. Results show that both the timings and waveform characteristics of synthetics were comparable to the observations for the period between 5 and 20 s. The waveforms observed in western Taiwan (e.g., stations TCU, WES, WGK) are usually characterized by stronger amplitudes and more complex phases compared to those in eastern Taiwan (e.g., stations ETL, ESL, EHY). They were mainly due to the directivity effect with the westward updip rupture direction. The shallow low-velocity sedimentary deposit in western Taiwan may also have played an important role in amplifying the ground shaking further. On the other hand, the waveforms in the north and south of Taiwan showed smaller amplitudes in both events. These waveform characteristics were well modeled by the forward synthetics. The waveform misfits between observations and forward synthetics for 0327 and 0602 events are 0.72 and 0.67, respectively. Such comparable fits in waveforms indicate that both the details of the source rupture models and the 3-D velocity model are precise enough to reproduce the main characteristics of strong ground motions of the Nantou earthquake series for simulations accurate up to 0.2 Hz.
Discussion and conclusions
The combined slip distribution of the Nantou earthquake series is shown as a map view in Fig. 6 . Although the epicenters of the two events were close (<10 km), their rupture areas and aftershocks were not overlapping each other. The rupture of the 0327 event generally propagated toward a northwestern direction while that of the 0602 event ruptured toward a southwestern direction. It is worthwhile to note that the aftershock distributions also followed these patterns. The slip area of the 0327 event, which was about 153 km 2 with a maximum slip of about 48.7 cm, was smaller than that of the 0602 event, which had a larger size of 180 km 2 and a maximum slip of about 106.7 cm. This is also represented in their inverted moment magnitude (a moment magnitude of M w 6.08 for the 0327 event and a bigger magnitude of M w 6.25 for the 0602 event). By superimposing the slip distributions, aftershocks, and background seismicity together, an interesting pattern related to the two events can be observed (Fig. 6) . From the background seismicity, a convex curve, low seismicity block exists in central Taiwan that is bounded by the Sanyi-Puli Seismic Zone in the northeast part and Chiayi-Tainan Seismic Area in the southeast. In the map view (Fig. 6a) , these two seismogenic zones are located on the edge of a strong basement, named Peikang High (Tang, 1977) . This basement high was previously found beneath the Coastal Plain, and the deepest depth is less than 10 km. However, the detailed geometry has not been well established, especially at the eastern side of the Chelungpu fault beneath the Western Foothill. Spatially, the 0327 event was located at the southeast tip of the Sanyi-Puli Seismic Zone, and the 0602 event occurred at the northeasternmost part of the Chiayi-Tainan Seismic Area. A 3-D schematic plot of the slip distributions belonging to the two events projected onto the strong basement is shown in Fig. 6b . As can be seen, the hypocenter of the 0327 event is located at a deeper depth of about 20 km, and that of the 0602 event is at a shallower depth of about 15 km. According to the evidence discovered, we can conclude that the ruptures of these two events occurred at an eastern-dipping ramp, which can be considered as the eastern extension boundary of the strong basement.
Lin (2001) proposed a heel-shaped model to explain the seismogenic process of the 1999 Chi-Chi earthquake (M w 7.6). It is defined by the previously discussed convex curve, low seismicity block, and the surface ruptures along the Chelungpu fault. Stress focusing due to partitioning along the convex curve most likely took place at the hypocenter of the Chi-Chi earthquake. On the contrary, the occurrence of the 2013 Nantou earthquake series was likely due to the stress accumulation at the easternmost tip of the strong basement where the convergent vector was almost perpendicular to the eastern dipping edge.
Based on these inferences and the results of this study, a critical issue with seismic hazard assessment in central Taiwan could be deduced. According to the geodetic observations as previously mentioned, the strain energy can accumulate at the eastern tip of the strong basement (Location A in Fig. 6b ) along the principle axis direction. A large amount of strain energy being stored in the middle crust over decades can cause moderate to large earthquakes upon release. The occurrence of the 1916-1917 Nantou earthquake series (M L 5.5-6.8) and the 2013 Nantou earthquake series (M L 6.2 and M L 6.5) could be attributed to this reason. On the other hand, the strain can also be partitioned into two flanks along the convex boundary (Locations B and C in Fig. 6b ). Due to the fact that these boundaries in the middle depth of the crust are not perpendicular to the orientation of the local strain field, smaller events could take place frequently in the northern portion (Sanyi-Puli Seismic Zone) and the southern portion (Chiayi-Tainan Seismic Area). As known from the source inversion results in this study, the events which occurred at the easternmost tip of the strong basement, could mainly have ruptured in the east-to-west direction, with thrust and updip movements on eastern dipping fault planes. This rupture behavior can cause the striking directivity effect, which amplifies the shaking in the western side from the source area. It leads to large ground motions which will propagate toward the Taichung metropolitan area in western Taiwan as was observed in the 2013 Nantou earthquake series. Thus, this type of moderate-large, mid-crust thrust event in central Taiwan should be considered seriously in future earthquake scenario analyses for the purpose of seismic hazard assessment.
